The phase stability, elastic properties and electronic structures of three typical MgeY intermetallics including Mg 24 Y 5 , Mg 2 Y and MgY are systematically investigated using first-principles calculations based on density functional theory. The optimized structural parameters including lattice constants and atomic coordinates are in good agreement with experimental values. The calculated cohesive energies and formation enthalpies show that either phase stability or alloying ability of the three intermetallics is gradually enhanced with increasing Y content. The single-crystal elastic constants C ij of MgeY intermetallics are also calculated, and the bulk modulus B, shear modulus G, Young's modulus E, Poisson ratio v and anisotropy factor A of polycrystalline materials are derived. It is suggested that the resistances to volume and shear deformation as well as the stiffness of the three intermetallics are raised with increasing Y content. Besides, these intermetallics all exhibit ductile characteristics, and they are isotropic in compression but anisotropic to a certain degree in shear and stiffness. Comparatively, Mg 24 Y 5 presents a relatively higher ductility, while MgY has a relatively stronger anisotropy in shear and stiffness. Further analysis of electronic structures indicates that the phase stability of MgeY intermetallics is closely related with their bonding electrons numbers below Fermi level. Namely, the more bonding electrons number below Fermi level corresponds to the higher structural stability of MgeY intermetallics.
Introduction
Magnesium alloys have been attracted extensive attention and gained increasing applications in transportation fields due to their low density, high specific strength and good stiffness. However, the widespread uses of magnesium alloys still remain obstacle for their low creep resistance, poor corrosion resistance and poor deformation ability [1] . In order to improve the comprehensive properties of magnesium alloys, many experimental attempts have been performed and some significant progresses have been achieved in recent decades. It was shown that magnesium alloys added with rare earth (RE) elements exhibit higher mechanical properties, better thermal stability and corrosion properties as well as improved deformability [2e5] .
The yttrium (Y) is one typical representation of RE elements, which has been reported as an effective alloying addition to prepare high performance Mg-RE based alloys [6e8] . It is known from MgeY phase diagram that Y possesses a high solid solubility in Mg of 12.5wt.%, which induces the remarkable solution strengthening effects. Additionally, MgeY alloys have three different intermetallic phases across different temperature ranges with increasing content of Y, i.e. Mg 24 Y 5 , Mg 2 Y and MgY [9] . These intermetallics exhibit precipitate strengthening effects during decomposition of MgeY supersaturated solid solutions. Both solution and precipitate strengthening result in the enhanced mechanical properties and thermal stability of MgeY based alloys. Also the addition of Y element to magnesium alloys can lead to high corrosion resistance and deformability. The improved corrosion properties are mainly attributed to the formation of stable anti-oxide layer containing Y element on the surface of alloys [10] . The enhanced deformability is mainly originated from the contribution of Y element on texture weakening [11] .
Evidently, Y element plays important roles in improving the comprehensive performances of magnesium alloys. The investigations on MgeY based alloys are very important, especially for studying the effects of Y element on the properties of magnesium alloys. To data, although some experimental studies associated with MgeY based alloys have been performed [10e13], the systematic studies on the physical characteristics such as phase stability, elastic properties and electronic structures of MgeY intermetallics are scare due to the difficulties of experimental measurements. Considering the important roles of MgeY intermetallics in mechanical properties and thermal stability of magnesium alloys, their physical properties mentioned above should be thoroughly investigated and discussed. In this paper, a systematic study on the stability, elastic and electronic properties of Mg 24 Y 5 , Mg 2 Y and MgY intermetallics in MgeY based alloys is performed using first-principles calculations based on density functional theory (DFT). The results will allow for providing useful data for understanding these intermetallics and designing the high performance MgeY based alloys.
Calculation models and methodology
Mg 24 Y 5 phase is a cubic compound with space group I43m (No. 217) and cI58 symmetry [14] . Its unit cell contains 2 formula units as shown in Fig. 1a The calculations are performed using a first-principles plane-wave pseudopotential method based on density functional theory (DFT) [15] . Ultrasoft pseudopotentials [16] [17] is adopted for the exchange-correction functional. The cutoff energy of plane wave basis is set as 310 eV for all phases. The special points sampling integration over the brillouin zone is employed by using the Monkhorst-Pack method [18] with 2 Â 2 Â 2, 4 Â 4 Â 2 and 6 Â 6 Â 6 special k-point meshes for Mg 24 Y 5 , Mg 2 Y and MgY phases, respectively. A finite basis set correction and the Pulay scheme of density mixing [19, 20] are applied for evaluation of energy and stress. The cell parameters including lattice constants and atomic coordinates of all phases are fully relaxed according to the total energy and force using the Broyden-Flecher-GoldfarbShanno (BFGS) scheme [21] based on the convergence criteria of optimization (energy of 2.0 Â 10 À5 eV/atom, force of 0.05 eV/Å, stress of 0.1 GPa and displacement of 0.002 Å). The calculations of single-point energy, elastic properties and electronic structures are followed by cell optimization. By increasing the cutoff energy of plane wave to 380 eV and the k-point meshes to 3 Â 3 Â 3, 5 Â 5 Â 4 and 8 Â 8 Â 8 for Mg 24 Y 5 , Mg 2 Y and MgY phases, respectively, their respective total energies and lattice constants are changed by less than 0.02 eV/atom and 0.09%, respectively. Therefore, the present calculations are precise enough to represent the ground-state properties of these intermetallics.
Results and discussions

Structural properties
Starting from experimentally available structural parameters, the lattice constants and atomic coordinates of Mg 24 Y 5 , Mg 2 Y and MgY phases are estimated from the minimized total energy with breaking their symmetries. The calculated results are listed in Table 1 . It is found that the optimized structures of three phases retain their respective space groups. The equilibrium lattice constants of crystal cells and atomic coordinates are also consistent with experimental values [14] . The maximal deviation of lattice constants calculated here relative to the experimental results is only 0.58% (a value of Mg 2 Y), suggesting that the calculations in the present work are highly reliable.
In general, the structural stability of crystal is closely associated with its cohesive energy. A higher cohesive energy indicates the crystal combines firmly and is uneasy to decompose. In other words, the stability is good [22] . In order to understand the structural stabilities of MgeY intermetallics, their cohesive energies E coh are calculated using Equation (1) [22] : Besides, the alloying ability of crystal can be evaluated by its formation enthalpy. Commonly, a negative formation enthalpy means crystal can be formed and exist stably. Furthermore, a lower formation enthalpy corresponds to a stronger alloying ability of crystal [23] . In order to assess the alloying abilities of MgeY intermetallics, their formation enthalpies DH form are further calculated using Equation (2) [23] : 
Mechanical properties
The elastic constants determine the response of a crystal to external forces, as characterized by bulk modulus, shear modulus, Young's modulus, and Poisson's ratio, and obviously play an important part in determining the mechanical properties of the materials [24] . Therefore, it is essential to investigate the elastic constants to understand the mechanical properties of MgeY intermetallics. A stress-strain approach is employed to calculate elastic properties in the present work [25] . According to the generalized Hook's law, a linear relationship exists between stress (s) and strain (ε). Thus, proportional elastic constant C ij can be written as Equation (3):
In order to obtain each independent elastic constant, an appropriate number of strain patterns are imposed on crystal cell with a maximum strain value of 0.003 in the present calculations. The calculated independent C ij values of the three MgeY intermetallics are listed in Table 2 . For Mg 24 Y 5 and MgY with cubic structure as well as Mg 2 Y with hexagonal structure, their mechanical stability criteria can be expressed as Equations (4) and (5) respectively:
Cubic structure [26] :
Hexagonal structure [26] :
From Table 2 , it can be derived that the calculated elastic constants satisfy the above corresponding criteria, indicating the mechanical stability of MgeY intermetallics.
Based on the independent single-crystal elastic constants of MgeY intermetallics, their bulk modulus (B), shear modulus (G), Young's modulus (E ) and Poisson's ratio (v) for polycrystalline crystal can be deduced. For all crystal structures, the polycrystalline modulus can be estimated by two approximation methods, i.e. the Voigt and Reuss methods [27] , and they can be expressed as Equations (6)e(9): 
where S ij are the elastic compliance constants. V and R represent the Voigt and Reuss bounds. They provide the maximum (Voigt) and minimum (Reuss) limits of the polycrystalline elastic modulus. The average of the voigt and Reuss bounds are Voigt-Reuss-Hill (VRH) average [27] , which is considered as the best estimate of the theoretical polycrystalline elastic modulus. They can be expressed as Equations (10) and (11) respectively:
Additionally, the Young's modulus (E ) and Poisson's ratio (v) can also be calculated from the bulk modulus (B) and shear modulus (G) using Equations (12) and (13) [25] respectively:
The calculated results are listed in Table 3 . Commonly, the bulk modulus is assumed to be a measure of resistance to volume change by applied pressure [28] . A larger bulk modulus corresponds to a stronger resistance to volume change by applied pressure. Additionally, the shear modulus is an indication of resistance to reversible deformations upon shear stress [28] . A larger shear modulus corresponds to a more notable directional bonding between atoms. From Table  3 , it is seen that either B VRH or G VRH values of the three intermetallics increase in the order of Mg 24 Y 5 , Mg 2 Y and MgY, suggesting that the resistances to volume and shear deformation of MgeY intermetallics are enhanced with increasing Y content. Furthermore, the Young's modulus is assumed to be a measure of stiffness of materials [28] . A larger Young's modulus corresponds to a stiffer material. Obviously, the stiffness of the three MgeY intermetallics is also raised with increasing Y content.
The quotient of shear modulus to bulk modulus, i.e. G/B, of crystalline phases proposed by Pugh [28] can be considered as an indication of the extent of fracture range in materials. According to the Pugh criterion, a high or low G/B value is associated with brittleness or ductility. Commonly, a material is regarded as brittle if G/B value is above 0.57, and vice versa. From Table 3 , the values of the three MgeY intermetallics are all less than 0.57, suggesting they are all ductile. Comparatively, Mg 24 Y 5 phase exhibits the biggest ductility. Besides, the Poisson's ratio can reflect the stability of a crystal against shear, which usually ranges from À1 to 0.5 [28] . The smaller value of Poisson's ratio corresponds to the more stable against shear of crystal. The calculated results in Table 3 show that the three MgeY intermetallics are all unstable against shear owing to their close values to 0.5. Comparatively, Mg 24 Y 5 phase presents the best plasticity, which keeps consistent with the analytical result from G/B.
Elastic anisotropy of crystals reflects a different bonding character in different directions and has an important implication since it correlates with the possibility to induce microcrack in materials. Chung and Buessem introduced a concept of percent elastic anisotropy which is a measure of elastic anisotropy possessed by the crystal under consideration [24] . The percentage anisotropy in compression, shear and stiffness are defined as Equations (14)e (16) respectively:
where B, G and E are the bulk, shear and Young's modulus, respectively. The subscripts V and R represent the Voigt and Reuss bounds. For the three expressions, a value of zero represents elastic isotropy and a value of 1 (100%) is the largest possible anisotropy. The calculated anisotropy factors of A B , A G and A E are also listed in Table 3 . Clearly, the three MgeY intermetallics nearly exhibit isotropy in compression, but present anisotropy to a certain degree in shear and stiffness. Comparatively, MgY phase has a relatively strong anisotropy in shear and stiffness. 
Electronic structures
To reveal the nature of bonding interactions within MgeY intermetallics and understand their structural stability mechanism, the total and partial density of states per atom of Mg 24 Y 5 , Mg 2 Y and MgY are calculated and compared as shown in Fig. 3 . In these figures, the Fermi level (E F ) is set as zero and used as a reference. From Fig. 3(a) e(c), it can be found that the three MgeY intermetallics all exhibit metallic properties. Their bonding peaks are mainly located in energy region from E F to À7 eV, and mainly originate from the contribution of valence electron numbers of Y(4s), Y(5s), Y(4p), Y(4d), Mg(3s) and Mg(2p) orbits. Further comparison of total densities of states of the three MgeY intermetallics per atom is performed as shown in Fig. 3d . The bonding electrons numbers of these intermetallics are calculated by integrating the total densities of states below E F , and the calculated values are 2.1656, 2.3202 and 2.4274electrons/atom for Mg 24 Y 5 , Mg 2 Y and MgY respectively. Commonly, the bonding electrons number below E F can be used to characterize and judge the structural stability of crystal, the more bonding electrons number below E F means the higher structural stability of crystal [29] . Therefore, the sequence of structural stability for the three MgeY intermetallics is: MgY > Mg 2 Y > Mg 24 Y 5 , which is consistent with the results from energetic point of view.
Conclusions
Using first-principles calculations method based on density functional theory (DFT), the phase stability, elastic properties and electronic structures of MgeY intermetallics including Mg 24 Y 5 presents a relatively higher ductility, while MgY phase has a relatively strong anisotropy in shear and stiffness. 4) The phase stability of MgeY intermetallics is closely related with their bonding electrons numbers below Fermi level. The more bonding electrons number below Fermi level corresponds to the higher structural stability of MgeY intermetallics.
